Understanding how microalgae adapt to rapidly changing environments is not only important to science but can help clarify the potential impact of climate change on the biology of primary producers. We sequenced and analyzed the nuclear genome of multiple Picochlorum isolates (Chlorophyta) to elucidate strategies of environmental adaptation. It was previously found that coordinated gene regulation is involved in adaptation to salinity stress, and here we show that gene gain and loss also play key roles in adaptation. We determined the extent of horizontal gene transfer (HGT) from prokaryotes and their role in the origin of novel functions in the Picochlorum clade. HGT is an ongoing and dynamic process in this algal clade with adaptation being driven by transfer, divergence, and loss. One HGT candidate that is differentially expressed under salinity stress is indolepyruvate decarboxylase that is involved in the production of a plant auxin that mediates bacteria-diatom symbiotic interactions. Large differences in levels of heterozygosity were found in diploid haplotypes among Picochlorum isolates. Biallelic divergence was pronounced in P. oklahomensis (salt plains environment) when compared with its closely related sister taxon Picochlorum SENEW3 (brackish water environment), suggesting a role of diverged alleles in response to environmental stress. Our results elucidate how microbial eukaryotes with limited gene inventories expand habitat range from mesophilic to halophilic through allelic diversity, and with minor but important contributions made by HGT. We also explore how the nature and quality of genome data may impact inference of nuclear ploidy.
Introduction
Adaptive evolution is a process by which natural variation in populations under divergent selection from the environment results in niche expansion, local specialization, and speciation (Schluter 2001; Rundell and Price 2009 ). Understanding environmentally directed evolution is of increasing importance (Davis et al. 2005; Sgro et al. 2011 ) because a fluctuating climate can impact foundational primary producers such as microalgae (Doney et al. 2012; Winder and Sommer 2012) . More broadly, understanding how traits such as halotolerance evolve is important when considering salinizing soils and water sources that will impact agricultural crops and food security in the coming years (Dasgupta et al. 2015; Munns and Gilliham 2015) . Here we studied habitat-driven adaptive differentiation using comparative genomic analysis of the halotolerant green algal clade, Picochlorum (Trebouxiophyceae, Chlorophyta). This lineage evolved from freshwater ancestors, thereby providing a model for elucidating the origin of salinity tolerance and other forms of stress adaptation (Henley et al. 2004b) .
Members of the unicellular Picochlorum genus are small (1.5-3 lm in diameter), coccoid, and contain a single chloroplast and mitochondrion (Henley et al. 2004a ). These species have been studied for potential application in wastewater remediation (Wang et al. 2016) , biomass production (De la Vega et al. 2011; Zhu and Dunford 2013; Watanabe and Fujii 2016) , and aquaculture feedstock (Chen et al. 2012; Kumar et al. 2017) . Furthermore, one species investigated in this study, Picochlorum soleocismus was successfully manipulated using genetic tools to increase lipid production (Unkefer et al. 2017 ). The nuclear genome of Picochlorum SENEW3 (hereafter, Picochlorum SE3) was previously sequenced and is highly reduced in size (13.5 Mbp), resulting in interesting features, including "gene neighborhoods" of coding regions that are coexpressed under salt stress, potentially a result of selective constraints imposed by a fluctuating environment (Foflonker et al. 2015 (Foflonker et al. , 2016 .
We also explored how the nature and quality of genome data may impact inference of nuclear ploidy. We find that due to the inherent limitations of current short-read (e.g., Illumina) sequencing technologies in handling DNA polymorphisms (loss of haplotype phasing information), some genome assemblies do not accurately represent the ploidy of the organism, including Picochlorum SE3 v1 (Foflonker et al. 2015) . In cases of high haplotype diversity, this can result in a patchwork consensus assembly that represents either haplotype at a given polymorphic site (single-nucleotide polymorphism, SNP). In the past, many green algae selected for draft genome sequencing were haploid dominant to ameliorate these issues. However, phase-aware assemblers relying on long-read data (e.g., PacBio) may reveal the existence of more diploid algal species than has been previously reported, as will be shown here.
In this study, we elucidate how species with reduced genomes and gene inventories adapt to new environmental challenges. With the limited number of eukaryotic genomes that are currently available, there has been active debate regarding the extent and role of HGT in eukaryote evolution (Schönknecht et al. 2014; Martin 2017) . Using high-quality genome information, we conduct a rigorous search for HGT and study its role in niche adaptation in the Picochlorum lineage. We also demonstrate that haplotype diversity can be extensive in algal species.
Results and Discussion

Physiology
Four Picochlorum isolates were used in this analysis. Picochlorum SE3 was collected from a small permanent pond with seasonally variable salinity in the San Elijo Lagoon estuary in San Diego County, California, USA . A closely related isolate, Picochlorum oklahomensis (taxonomically revised to oklahomense), was isolated from a temporary saline pool in the Great Salt Plains, Oklahoma, USA (Henley et al. 2004a) . Picochlorum NBRC102739 was originally isolated from the Pacific Ocean, and P. oculata from brackish waters of the York River Estuary, Virginia, USA.
Picochlorum isolates show a broad and often unpredictable salinity tolerance ( fig. 1A) . Overall, the two hypersalinetolerant isolates, Picochlorum SE3 and P. oklahomensis have the widest range, growing in medium containing 10 mM-1.2 M NaCl, and have been reported to survive up to 1.8 M NaCl for Picochlorum SE3 and 150 psu for P. oklahomensis (Henley et al. 2002; Foflonker et al. 2015) . Whereas our experiment shows reduced growth rates of P. oklahomensis and P. oculata acclimated to low salinity (10 mM NaCl), Henley and coauthors report near maximal growth of these species in freshwater (i.e., 0% NaCl) (Henley et al. 2007 ). This result, along with the large difference found in independent measurements of growth rate under control (1 M NaCl) conditions shown in figure 1A and B indicates that there is significant (experiment to experiment) variation in the response to salinity stress in Picochlorum species. This may reflect the fact that in figure 1B , the cells were acclimated to relatively high salinity (1 M NaCl) prior to transfer to the other conditions. Nonetheless, these data suggest that it may be challenging to use lab monoculture data to predict the ecologically relevant salinity tolerance of our study taxa because they exhibit a complex, acclimation-based response.
Genome Features and Assembly
Three Picochlorum isolates were sequenced for this comparison, and an improved genome assembly was generated for Picochlorum SE3. The previously published P. soleocismus genome (Unkefer et al. 2017 ) was also used in this comparison. The PacBio RSII system was used to generate the Picochlorum SE3 and P. oklahomensis genome data, followed by assembly using FALCON-Unzip. The Illumina platform and CLC workbench were used for sequencing and assembly of the P. oculata and Picochlorum NBRC102739 genomes. Genome sizes of the five Picochlorum isolates in this study range from 13.4 to 22.8 Mbp, encoding 6,340-12,018 predicted genes (table 1) . The PacBio generated assembly of the Picochlorum SE3 genome resulted in a high quality 13.5 Mbp nuclear genome assembly in 16 contigs with 7,014 predicted genes and a contig N50 ¼ 1.1 Mbp. This is a significant improvement over the previous lllumina generated assembly of this isolate at 13.5 Mbp in 1,266 contigs with 7,367 predicted genes and a contig N50 ¼ 124.5 kbp (Foflonker et al. 2015) . To remove potential false duplications during the assembly process, nonredundant gene sets (<99% pairwise similarity) were used for the downstream analyses (table 1) . When queried against the BUSCO core Eukaryota protein set, the Picochlorum assemblies contained between 82% (P. oklahomensis) and 93% (Picochlorum SE3) of the core proteins, comparable to other green algal genomes (supplementary table S1, Supplementary Material online). To guard against contamination of cultures used for PacBio analysis of the closely related isolates, Picochlorum SE3 and P. oklahomensis, Illumina reads generated from earlier, independent cultures were mapped at high stringency to these long-read assemblies (supplementary table S2, Supplementary Material online).
Inspection of K-mer spectra using the relatively highquality Illumina data from the four studied species provided evidence that P. oklahomensis is a highly heterozygous diploid species with two strong peaks resulting from analysis of a 27-mer spectrum (supplementary fig. S1A , Supplementary Material online). Previous work with natural and simulated genome data has shown that heterozygosity creates a characteristic double-peak in K-mer profiles with the relative peak heights corresponding to the level of heterozygosity (Kajitani et al. 2014) with equal peaks representing a ca. 1.25% heterozygosity rate (http://schatz-lab.org/, last accessed September 8, 2018). The second peak that is at double the coverage of the first represents the homozygous genome component (e.g., Di Genova et al. 2014) . In contrast, the closely related Picochlorum SE3 shows a single peak suggesting that it has a low level of heterozygosity (supplementary fig. S1B , Supplementary Material online). The results for Picochlorum NBRC102739 and P. oculata support a high level of heterozygosity in the former and a low level in the latter (supplementary fig. S1C and D, Supplementary Material online). Analysis of variant frequencies support these findings with their distribution centered around 50% in both Picochlorum SE3 and P. oklahomensis indicating they are diploid taxa (supplementary fig. S2 , Supplementary Material online). The primary haplotypes were assembled separately from heterozygous regions (haplotigs) using FALCON-Unzip. The large haplotig assembly size (12.05 Mbp mapping to 87% of the primary assembly) again suggests that the P. oklahomensis genome is highly heterozygous when compared with Picochlorum SE3 (0.46 Genomic Analysis of Picochlorum Species . doi:10.1093/molbev/msy167 MBE Mbp). This supposition is supported by a 48-fold higher number of single or multinucleotide variants per kbp in P. oklahomensis (supplementary table S3, Supplementary Material online). Their small genome assemblies indicate that P. oculata and P. soleocismus are also likely to be diploid with low heterozygosity, whereas the 22.76 Mbp genome assembly of Picochlorum NBRC102739 made using Illumina data with 12,018 predicted genes is most likely an overestimate resulting from high heterozygosity, as suggested by supplementary figure S1C, Supplementary Material online. The complexity introduced by highly heterozygous diploid genomes sequenced using short-read data leads to the assembly of polymorphic regions as separate contigs, resulting in the over-estimation of genome size and gene number (Chin et al. 2016 
Phylogeny and Genome Synteny
A maximum likelihood multiprotein tree ( fig. 2 ) inferred from a super-alignment of 1,122 proteins (293,805 amino acids) from 18 complete green algal genomes reveals that Picochlorum SE3 and P. oklahomensis are closely related taxa, as are P. oculata and P. soleocismus. This aspect is reflected in their similar genome sizes, predicted gene numbers, and G þ C-contents.
Pairwise collinearity analysis (i.e., number of collinear homolog pairs/number of homolog pairs) using MCScanX revealed 80.0-88.7% collinearity among Picochlorum species (excluding Picochlorum NBRC102739 due to poor assembly) (supplementary table S5, Supplementary Material online). Collinear blocks are defined as having at least five collinear genes with <5 intervening genes. Highest collinearity occurs between sister taxon pairs, with higher levels of rearrangement being positively correlated with phylogenetic distance (supplementary fig. S3 , Supplementary Material online). For comparison, collinearity between Picochlorum SE3 and Chlorella variabilis is 45.6%. The P. oklahomensis and Picochlorum SE3 genomes are highly similar (88.3%) (supplementary fig. S3 , Supplementary Material online) and consist of 24 collinear blocks that are between 7 and 746 genes in length. This analysis reveals a region of 306 genes that is missing in P. oklahomensis, corresponding to part of contig 7 in Picochlorum SE3. These genes are present in the three other isolates (supplementary Excel file S1, Supplementary Material online), and thus these missing data are likely due to sequencing error. Although local collinearity between Picochlorum SE3 and P. oculata is 85.8%, Supplementary figure 
Horizontal Gene Transfer
HGT has been shown to drive niche specialization and stress tolerance in microbial eukaryotes (Raymond and Kim 2012; Bhattacharya et al. 2013; Qiu et al. 2013; Schönknecht et al. 2013 Schönknecht et al. , 2014 . However, there is limited information on the impacts of HGT from multiple, closely related taxa (Schönknecht et al. 2014) . Using five independent genome assemblies, we find clear evidence of HGT from prokaryotic donors that were differentially acquired or fixed in Picochlorum taxa. An automated phylogenetic pipeline was used to identify instances of HGT, and these were manually validated. The standard approach is to identify cases of incongruency between gene tree and species trees; for example, Picochlorum species nested in bacterial clades. In total, 15 HGT-derived gene families were identified of prokaryotic origin that are unique to Picochlorum (i.e., not found in any other available Chlorophyta genome), seven of which are common to all isolates examined ( fig. 2 and supplementary table S6, Supplementary Material online). Two genes contain introns, further validating integration into the nuclear genome and ruling out contamination (supplementary fig. S4 , Supplementary Material online). A total of 13/24 of those previously identified in Picochlorum SE3 V1 assembly were verified by this analysis; differences are due to the higher quality V2 assembly, the IQ-TREE method, and the increased number of sequenced algal genomes (Foflonker et al. 2016) . Therefore, HGT identification should be done with caution without high quality assemblies, transcriptome data, and data from closely related species to guard against potential contamination. Figure 2 shows the differential gain of HGT-derived genes, indicating the ongoing and dynamic nature of HGT. Cellulase was acquired only in Picochlorum SE3, P. oklahomensis, and Picochlorum NBRC102739. Three genes were potentially gained in the P. oculata and P. soleocismus lineage, however there are no transcriptome data to verify expression of these HGT candidates. Acetolactate synthase, involved in branched chain amino acid biosynthesis and fermentation, appears to have been acquired in a common ancestor of Picochlorum species and lost in P. oklahomensis and Picochlorum SE3.
One note of interest is that the majority (6/7 genes in Picochlorum SE3) of HGT candidates present in all Picochlorum isolates, are collinear in the two sister taxa, but not across all isolates. Instead, HGT candidates appear as insertions in an otherwise collinear block in more distantly related taxa (supplementary figs. S4-S6, Supplementary Material online). This feature, along with the phylogenies, indicates that these transfers occurred in the Picochlorum common ancestor and were later rearranged in genomes, as found for overall genome collinearity that is also reduced by phylogenetic distance.
Gene acquisitions may be advantageous to specific environments, as indicated by differential expression (DE; see Genomic Analysis of Picochlorum Species . doi:10.1093/molbev/msy167 MBE below) of the majority (10/12) of HGT-derived gene families under at least one stress condition in Picochlorum SE3 or P. oklahomensis (supplementary table S7, Supplementary Material online). The putative HGT candidates are involved in fermentation, osmolyte production, and two genes take part in the GDP-fucose synthesis pathway of cell wall metabolism, indicating roles in metabolic flexibility, salinity, and other stress tolerance functions. Indolepyruvate decarboxylase, involved in the production of the plant auxin, indole-3-acetate (IAA), is differentially expressed under all conditions in Picochlorum SE3 and P. oklahomensis under salinity stress, suggesting that it may participate in stress regulation. Auxins have been shown to increase tolerance to salinity stress in plants (Iqbal and Ashraf 2007) . It has also been suggested that IAA produced by bacteria serves as a signaling molecule mediating bacteria-diatom symbiotic interactions or endogenously produced IAA by diatoms plays a role in intraspecies signaling (Lau et al. 2009; Amin et al. 2015; Labeeuw et al. 2016 ).
Gene Gain/Loss
With regard to the nuclear gene inventory, OrthoMCL and the DOLLOP program of the PhyML package (Dollo parsimony method) were used to infer gene family gains and losses among sequenced chlorophyte species ( fig. 2) . Gene family loss can be seen along the branches of the Picochlorum genus, consistent with genome size reduction in these isolates. Picochlorum taxa share a core set of 3,825 gene families with sister taxa P. oklahomensis and Picochlorum SE3 sharing 5,343 and P. oculata and Picochlorum NBRC102739 sharing 5,405 gene families. One interesting finding is the loss of urea assimilation-related genes in P. oklahomensis that are clustered in the genomes of other Picochlorum isolates and include a high affinity sodium: urea transporter, urea carboxylase, and allophanate hydrolase. These genes and the urease homologs are absent in the PacBio and Illumina data generated assemblies from P. oklahomensis and appear to be missing from an otherwise collinear gene order shared with Picochlorum SE3. Algal growth in the Great Salt Plains may be dependent on nitrogen availability, therefore loss of the urea assimilation pathway suggests limited access to urea as a N-source (Major et al. 2005; Kirkwood and Henley 2006) .
Picochlorum SE3 and P. oklahomensis Transcriptome Comparison in Response to Salinity Shock
Transcriptome analysis was done using P. oklahomensis as in a previous experiment with Picochlorum SE3 v1 (Foflonker et al. 2016) . Cultures acclimated to 1 M NaCl f/2 medium were shocked with high salinity (1.5 M NaCl) and low salinity (10 mM NaCl) and the mRNA sequenced from 1 and 5 h time points after exposure to salinity shock. A log 2 -fold change (l2fc) cut-off of 1 (P-value adj <0.01) was used to designate differential gene expression. Growth rates show that both isolates respond similarly under salinity shock, with high salinity being more stressful than low ( fig. 1B) .
Between 2,202 and 3,135 genes were differentially expressed (DE) under one of the four conditions tested, totaling 4,967 unique DE genes under at least one condition, and representing 73% of the P. oklahomensis genome. This can be compared with 50% of the gene inventory in Picochlorum SE3 that was affected by salinity stress under the same conditions. During the initial shock at 1 h under high salinity, fewer up-regulated genes are shared by Picochlorum SE3 and P. oklahomensis (25%) compared with those down-regulated (40%) or under low salinity (40% and 44% of up and down-regulated genes, respectively) (supplementary table S8, Supplementary Material online). By 5 h, the percentage of shared genes is similar across conditions, implying that the greatest regulation differences are the response to high salinity shock at 1 h, and accordingly forms the focus of this analysis. See supplementary Excel file S2, Supplementary Material online for full expression data.
Although the gene inventory is very similar between Picochlorum SE3 and P. oklahomensis, gene expression responses differ greatly with respect to nitrogen metabolism, photorespiration, and osmolyte production under salinity stress, suggesting that the environment has a significant effect on driving transcriptional responses (supplementary Excel file S3, Supplementary Material online). Whereas nitrate and urea assimilation are up-regulated under high salinity at 1 h in Picochlorum SE3, in P. oklahomensis, nitrate reduction is down-regulated and the ability to uptake urea from the environment has been lost. Consequently, pathways involved in synthesizing the nitrogen-rich proteins: glycine, glutamate, glutamine, homoserine, and proline are down-regulated. Glycerol metabolism (i.e., formation and breakdown) is upregulated in P. oklahomensis, suggesting that glycerol may be the major osmolyte as an alternative to proline, in nitrogenlimited environments. Metabolic profiling is needed to verify this hypothesis. Starch synthesis is partially down-regulated under high salinity in P. oklahomensis, a pathway that is upregulated under both high and low salinity in Picochlorum SE3. In addition, fatty acid biosynthesis and elongation are down-regulated in P. oklahomensis, contrasting with Picochlorum SE3 under high salinity shock.
Strong up-regulation of photorespiration was observed in Picochlorum SE3, but this was not the case for P. oklahomensis under high salinity and the pathway is strongly downregulated, along with the Calvin-Benson-Bassham cycle under low salinity shock. However, other reactive oxygen species (ROS) detoxification pathways are up-regulated under high salinity in both species, including glutathione metabolism. Tocopherol and plastoquinol-9 synthesis are also upregulated in P. oklahomensis under high salinity, and function as antioxidants to protect the cell against photoinhibition (Nowicka and Kruk 2012) .
Allele-Specific Expression
Although P. oklahomensis and Picochlorum SE3 are sister taxa that are very similar in terms of genome size, synteny, gene number, gene content, sequence identity, and encode identical 18S rRNA sequences, the glaring difference between them is the high level of heterozygosity in P. oklahomensis (supplementary fig. S1, Supplementary Material online) . Thus, allele-specific gene expression analysis was performed to Foflonker et al. . doi:10.1093/molbev/msy167 MBE identify the potential adaptive advantages provided by a large diverse allele pool in P. oklahomensis.
To this end, RNA-seq reads were mapped to the combined set of primary and haplotig contigs at high stringency (100% identity over the mapped regions), removing any nonspecific hits and allele pairs with <10 reads mapped. This resulted in 721 allele pairs (out of 2,119 that were identified) with significant mapping under at least one condition. Of these, about one-third of the allele pairs show monoallelic expression (>90% reads mapped to one allele) and one-third show biallelic expression (40-60% reads mapped to each allele) under each condition (supplementary table S9, Supplementary Material online). Monoallelic expression may also be a result of the lack of reads mapping to the alternate allele under the specified set of filters. Looking at a set of 340 pairs with mapping data under all conditions, 64% of monoallelic pairs showed no change in expression category (monoallelic vs. biallelic) under any condition. In contrast, only 24% of biallelically expressed gene pairs showed such uniform expression, suggesting that biallelic expression is more dynamic under stress. These results suggest a functional relevance for allele-specific expression patterns.
In a similar vein, Mock et al. (2017) found highly divergent alleles in natural populations of the diatom Fragilariopsis cylindrus, and showed that allele-specific expression was condition dependent. Furthermore, condition-dependent expression correlated with recent diversifying selection, suggesting that maintenance of a large pool of diverse alleles may contribute to tolerance to fluctuating environmental conditions. In our study, we do not have population data and report two sister taxa, both inhabiting environments with fluctuating salinity that utilize contrasting strategies in terms of allelic diversity.
Organelle Genome Analysis
We analyzed the organelle genomes of Picochlorum isolates that were present in the Illumina assemblies. Chloroplast genomes were contained on single contigs and the sizes ranged from 72.7 to 74.5 kbp in size with 65 or 68 predicted genes (supplementary tables S10 and S11, Supplementary Material online). The P. oculata and P. soleocismus lineages have lost the three required plastid genes (chlN, chlB, chlL) for the light independent chlorophyll synthesis pathway. Loss of this pathway is common in algae, angiosperms, and in other chlorophytes such as Ostreococcus tauri and Micromonas pusilla (Li et al. 1993; Wakasugi et al. 1997; Shi and Shi 2006; Hunsperger et al. 2015) . Mitochondrial genomes are between 33.0 and 38.7 kbp in size with 14-17 predicted genes (supplementary tables S10 and S12, Supplementary Material online). NADH dehydrogenase subunit 9 (nad9) was not found in P. Soleocismus and P. oculata. Ribosomal protein S10 (rps10) has copies present in both the nuclear genome and mitochondrial genome in P. oklahomensis and Picochlorum SE3, whereas it is only present in the nuclear genomes of the other three species. All five species show conserved synteny of rps10 in the nuclear genome and nuclear copies are DE in P. oklahomensis and Picochlorum SE3 under salinity shock conditions discussed above. Many independent transfers of rps10 to the nuclear genome have been found in angiosperms with subsequent rapid loss of the mitochondrial copy, suggesting that this may be a recent transfer that has not yet been lost from P. oklahomensis and Picochlorum SE3 (Adams et al. 2000) .
Conclusions
Through analysis of the Picochlorum lineage we characterized multiple factors that are at play in shaping genome adaptation to environmental niches. Selective pressure for genome reduction is observed with the loss of environmentally unselected pathways, suggesting niche specialization. Under this pressure for genome reduction, gene gain or gene family expansion highlights environmentally advantageous adaptations. HGT is one method of novel, functionally relevant gene gain that we show is a dynamic and ongoing process in microbial eukaryote evolution, involving gene transfer, divergence, and loss. Variations in allelic diversity among Picochlorum species highlight another avenue available to algal lineages to adapt to fluctuating environmental conditions.
The Picochlorum clade provides a valuable model for addressing fundamental questions about environmental adaptation because they behave in some ways as "algal prokaryotes." They are bacterium sized, both in terms of cell diameter and gene content. Therefore, gene inventory growth via HGT or duplications is significant, given the strong selection that exists for genome streamlining. Furthermore, they have reorganized their genomes into "gene neighborhoods" that are analogous to operons but do not comprise, in most cases, of complete metabolic pathways (Foflonker et al. 2016) . This attribute provides the ability to react rapidly to environmental change without the need for bacterial genome structure. Finally, these cells grow rapidly in culture, and species such as Picochlorum SE3 have a remarkably stable photosystem II water-oxidizing complex to deal with fluctuating light conditions (Ananyev et al. 2017 ). All of these traits suggest that when competing with bacteria for scarce resources, Picochlorum species have adopted similar strategies for survival. The aspect of adaptation that remains unexplored until now is the extent and nature of interactions, vis-vis-shared metabolites with cooccurring microbes. Future work with this clade should address this key aspect of genome-environment interaction.
Materials and Methods
Data Availability
Assemblies, gene predictions, transcriptome data, HGT trees and alignments can be retrieved at http://cyanophora.rutgers. edu/picochlorum/, last accessed September 8, 2018.
Isolate Information and Growth Rates
Picochlorum SE3, P. oklahomensis UTEX B2795, Picochlorum NBRC102739 (formerly MBIC10091), and P. oculata UTEX LB 1998 (synonym Nannochloris oculata) were cultivated in batch culture using artificial seawater based Guillard's f/2 medium (Guillard and Ryther 1962) without silica. Cultures were grown at 25 C under continuous light (100 lE m À2 s
À1
) on a Genomic Analysis of Picochlorum Species . doi:10.1093/molbev/msy167 MBE rotary shaker at 100 rpm (Innova 43, New Brunswick Eppendorf). To calculate growth rates, cell counts were performed daily using a hemacytometer (Neubauer improved, Hausser Scientific) or ImageJ counting software. Specific growth rates per day were determined based cell counts during midexponential phase (eq. 1). Reported rates are an average of growth rates determined for replicate cultures. Acclimated growth rates (after two serial transfers) were determined for each isolate in f/2 media with various salinities (0.01, 0.1, 0.2, 0.4, 0.6, 0.8, 1.0, and 1.2 M NaCl), based on four replicate cultures. Salinity shock growth rates were calculated during exponential phase after P. oklahomensis and Picochlorum SE3 cells acclimated to f/2 media with 1 M NaCl were placed in 10 mM and 1.5 M NaCl media (triplicate cultures).
Genome Sequencing, Assembly, Gene Prediction, and Annotation
Algal cells were flash frozen in liquid nitrogen, homogenized using Qiagen TissueLyser, and gDNA was extracted for PacBio sequencing according to the "isolation of genomic DNA from plants and filamentous fungi using the Qiagen Genomic-tip" user-developed protocol using the Qiagen Genomic-Tip 100/ G Kit. Genomic DNA was extracted from P. oculata and Picochlorum NBRC102739 for Illumina sequencing using the Qiagen DNeasy Plant Mini Kit. Pacific Biosciences library preparation and sequencing was performed by DNA Link, Inc. (Seoul, South Korea). Picochlorum SE3 and P. oklahomensis were sequenced on the PacBio RSII system using P6-C4 chemistry with MagBead OneCellPerWell v1 Protocol (Insert Sizes 20 kb, movie time 1 Â 240 min) and 2 and 4 SMRT cells, respectively. FALCOLN-Unzip was used for assembly. The P. oculata and P. NBRC102739 libraries were prepared using the Illumina Truseq Nano Library Preparation Kit, sequenced using the MiSeq Personal Genome Sequencer (Illumina) with 2 Â 300 bp (paired end) reads with a 600-cycle kit, and assembled with CLC Genomics Workbench version 8. Additionally, an Illumina-sequenced reads were generated for P. oklahomensis, and along with the previous Illumina generated assembly of Picochlorum SE3 (v1) was mapped to PacBio assemblies to verify isolates. Illumina reads were used to error correct Picochlorum SE3 primary assembly using the read mapping (length fraction ¼ 1, sequence identity¼ 99%) and consensus extraction (default parameters) utilities of CLC Genomics Workbench. Due to the high heterozygosity of P. oklahomensis, error correction with Illumina reads was not possible. Chloroplast and mitochondrial genomes were derived from Illumina sequencing for all isolates. Contigs with bacterial contamination, low coverage (<10Â), or duplicated contigs were manually removed.
K-mer analysis was performed with the KAT histo analysis tool (Mapleson et al. 2016 ) using Illumina sequencing data and plotted under R. Variant frequencies were calculated by mapping Illumina reads (Picochlorum SE3, 0.31 Gbp; P. oklahomensis, 5.59 Gbp) to primary assemblies derived from PacBio sequencing (100% length fraction, 70% identity), and then using the basic variant detection function of CLC Genomics Workbench (ploidy ¼ 2, min coverage ¼10, min frequency ¼ 1%). Insertions and deletions were excluded from frequency calculations.
Augustus (Stanke et al. 2004 ) was used to predict genes in all isolates with Picochlorum SE3 v1 as a model, created with hints from ESTs as described in Foflonker et al. (2015) . DOGMA and Mitofy were used for gene prediction and annotation of chloroplast and mitochondrial genomes (Wyman et al. 2004; Alverson et al. 2010) . To assess genome completeness, proteomes were queried against BUSCO Eukaryota_odb9 core gene set (Simão et al. 2015) . CD hit was used to remove redundant genes with >99% similarity for downstream analysis (Li and Godzik 2006) . Gene functions were annotated using the Blast2GO pipeline (Conesa et al. 2005) . Pathways were annotated using the Kyoto Encyclopedia of Genes and Genomes (KEGG) Automatic Annotation Server (KASS) with the bidirectional best hit method against the eukaryotic representative gene set and including available algae (Moriya et al. 2007 ).
Genome Synteny
The MCScanX_h program (min block size ¼ 5, max gaps ¼ 5) of the MCScanX package was used to determine synteny with a list of OrthoMCL (BlastP cut-off <1E-5) generated orthologs and coortholog pairs among the Picochlorum isolates as the input (Wang et al. 2012) . All predicted proteins (before removal of 99% identity redundant proteins) were used in this analysis to better assess collinearity. Synteny was visualized using Circos v-0.69 (Krzywinski et al. 2009 ). The duplicate gene classifier program of the MCScanX package with an all-versus-all Blast (Blastp 1E-10 cutoff) as the input was used to classify duplicate genes.
Construction of the Multiprotein Tree and Inferring Gene Family Gain/Loss
Proteome data from 18 chlorophyte green algae and 3 streptophyte species were collected: Chlamydomonas reinhardtii (Merchant et al. 2007 ), Volvox carteri (Prochnik et al. 2010) , Chlorella variabilis (Blanc et al. 2010) , Coccomyxa subellipsoidea (Blanc et al. 2012) , Micromonas sp. RCC299, Micromonas pusilla CCMP1545 (Worden et al. 2009 ), Ostreococcus tauri (Palenik et al. 2007 ), Ostreococcus lucimarinus, Ostreococcus sp. RCC809 (U.S. Department of Energy, Phytozome), and Bathycoccus prasinos (Moreau et al. 2012) , Chlorella protothecoides (Gao et al. 2014) , Gonium pectoral (Hanschen et al. 2016) , Picochlorum SE3, Picochlorum NBRC102739, P. oklahomensis, P. oculata, and Picochlorum DOE101, and the streptophytes Klebsormidium flaccidum (Hori et al. 2014) , Arabidopsis thaliana (Blanc et al. 2003) , and Physcomitrella patens (Rensing et al. 2008) . CD hit was used to remove redundant proteins with >95% similarity per genome (Li and Godzik 2006) . Ortholog groups were constructed using OrthoMCL with a BlastP cutoff E-value < 1E-5 (Li et al. Foflonker et al. . doi:10.1093 /molbev/msy167 MBE 2003 . Alignments of orthologous groups were generated from this combined data set (allowing for missing data from a maximum of three chlorophytes and two outgroups) as described in Foflonker et al. (2015) . A total of 1122 alignments were concatenated into a super-alignment (293,805 amino acids) and the multiprotein tree built using IQ-TREE (Nguyen et al. 2015) . To infer gene family gain or loss, the Dollo parsimony method (Farris 1977) in the DOLLOP program of PHYLIP package (Felsenstein 2002 ) was used with gene families determined by the OrthoMCL analysis as the input of this analysis.
Phylogenomic Methods
To search for HGTs, the Picochlorum proteomes were subject to a phylogenomic pipeline . Briefly, we downloaded the protein database (RefSeq version 58) from NCBI FTP site (ftp://ftp.ncbi.nlm.nih.gov/refseq/). For each genus (e.g., Arabidopsis), we retained the species with the largest number of sequences (e.g., A. thaliana) and removed the remaining species (e.g., A. lyrata). These reduced RefSeq database was then combined with a red algal sequence database (described in Qiu et al. 2015) , "chromalveolate" protein sequences derived from MMETSP database (Keeling et al. 2014 ) and sequences from green algae including the recently published green algal genomes: Picochlorum soleocismus DOE101 (greenhouse.lanl.gov), Klebsormidium flaccidum (Hori et al. 2014) , Gonium pectoral (Hanschen et al. 2016) , Chlorella protothecoides (Gao et al. 2014) , Coccomyxa subellipsoidea (Blanc et al. 2012) , Bathycoccus prasinos (Moreau et al. 2012) , and four Picochlorum species sequenced in this study. For each order or species, the redundant sequences (sequence identity !85%) were removed using CD-HIT v4.5.4. The Picochlorum query sequences were used in a Blastp search (E-value < 10 À5 ) against the local database mentioned above. The top 1,000 Blastp hits (sorted by bit score) from each query were parsed via custom scripts to extract 12 representatives from each phylum to create a taxonomically diverse sample. The Blastp hits were re-ordered according to query-hit identity followed by the sampling of another set of representative sequences. The query sequence was then combined with the two sets of sampled representative sequences. Sequence alignments were built using Muscle v3.8.31 under default settings (Edgar 2004) followed by trimming using TrimAl v1.2 (Capella-Guti errez et al. 2009) in the automated mode (-automated1). FastTree v2.1.7 (Price et al. 2010 ) was used the under the WAG model to build phylogenetic trees consisting of at least four leaves. A custom script was used to sort trees consisting of Picochlorum that was nested among prokaryotes ). Candidate HGT sequences were then reanalyzed (without trimming alignments) using IQ-TREE v1.4.3 (Nguyen et al. 2015) with the built-in model selection function and branch support estimated using ultrafast bootstrap (UFboot) with 1,500 bootstrap replicates (-bb 1,500). Phylogenetic trees were then manually analyzed for evidence of monophyly between Picochlorum and prokaryotes or trees containing only prokaryotes with at least 4 species and 30% identity. HGT candidates in Picochlorum SE3 and P. oklahomensis were verified with transcriptome data, any lacking transcriptional evidence were removed.
RNA-Seq and Allele-Specific Expression Analysis
Cells adapted to 1 M NaCl f/2 media were spun down, washed, and placed in media containing 1.5 M NaCl and 10 mM NaCl in triplicate cultures. Cells were harvested and flash frozen at 1 and 5 h after salinity shock treatment. RNA extraction, sequencing, and analysis for P. oklahomensis was done as described previously (Foflonker et al. 2016) , with the exception that libraries were sequenced using the Illumina (MiSeq reagent kit v3 150 cycles) paired end 2 Â 75 reagent kit. DE was determined using DESeq (R/bioconductor package) (Love et al. 2014 ) and read counts determined by the CLC RNA-seq analysis as the input. Salinity shock values were normalized to pre-shock values (1 M NaCl). A P-value of 1% and a l2fc of 1 were set as the cut-offs for all differentially expressed (DE) genes discussed in this article. Transcriptome data for Picochlorum SE3 used in this comparison was previously published and used the Picochlorum SE3 assembly v1 (Foflonker et al. 2016) . The Biocyc Pathway tools were used to create a pathway database for P. oklahomensis and OmicsViewer and OmicsDashboard were used to analyze RNA-seq data (Karp et al. 2016) .
For allele-specific expression, RNA-seq reads were mapped to the combined set of primary and haplotig contigs at high stringency (100% identity over the mapped regions), removing any nonspecific hits (56). Allele pairs were determined by taking the reciprocal Blastp hits (identity > 70%, coverage >90%) of genes predicted on the haplotig and primary contigs. The ratio of primary to haplotig reads mapped was calculated by totaling the reads mapped from triplicate trials at each condition, removing genes with <10 reads mapped per allele pair.
Supplementary Material
Supplementary data are available at Molecular Biology and Evolution online.
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